Abstract-The facilitation of maintenance of hydrokinetic energy conversion systems is supported by minimizing the exposure of components located underwater. The described onshore converter station's design was motivated by this thought. The station includes the functions of power-electronic ac-dc-ac conversion and connection to the electric grid, thus leaving only turbine, variable-frequency ac generator, and connecting ac cable exposed underwater. A challenge in this configuration are potential electromagnetic traveling waves on the ac cable. They can be triggered through power-electronic pulses and cause significant overvoltages at the generator side. A key contribution is the modification of existing mathematical equations resulting in a novel methodology for expressing the overvoltages as a function of the traveling time and steepness of the pulses. This serves as the basis for an overvoltage reduction method involving the targeted selection of parameters of a suitable filter. It is applicable to distributed tidal energy and instream river conversion and electric drive systems involving long ac cables. The resulting overall design is validated through electromagnetic transients simulation. The results substantiate the proposed methodology of analysis and design.
I. INTRODUCTION
A ROADMAP, established by the European Ocean Energy Association, foresees that 15% of European electricity demand could be generated from ocean energy [1] . A variety of different turbine designs has been considered for the purpose of converting the kinetic energy contained in the water stream into rotational kinetic energy and then electric energy [2] . These tidal energy conversion systems share the common feature that the turbine and generator are located underwater. The same applies to instream river energy conversion systems. Locating components onshore rather than underwater would facilitate access for maintenance or repair. This is behind the idea of proposing a converter station that is located onshore for distributed hydrokinetic energy systems. The converter station first covers the function of converting the variable-frequency ac, which arrives via an underwater cable from the generator, through a power-electronic voltage-sourced converter [3] into dc. Then, a further power-electronic stage is used for converting the dc into the ac 0885-8977/$31.00 © 2013 IEEE 50 Hz or 60 Hz of the electric power grid. This configuration allows for convenient onshore access for maintenance and repair and is distinguished from designs where variable frequency ac is converted into dc right at the offshore site of the generator. The latter configuration has been common in wind energy conversion systems.
The proposed configuration where a voltage-sourced converter and a generator are connected by an ac cable calls for a closer look on the impact of electromagnetic traveling waves along the cable. Such waves can be triggered through pulses of voltage as they occur at the voltage-sourced converter governed by pulse width modulation. The traveling waves can cause overvoltages at the terminals of cables. Prior work on the design of filters to reduce the overvoltages has done so based on incorrect mathematical modeling [4] . Correct mathematical modeling is the basis for the filter design. The correct and illustrative development of the underlying equations receives careful attention in this paper.
Following this introduction, the three principal contributions of this paper are elaborated upon. First, the overall configuration including the onshore converter station is considered in Section II. Second, the effect of traveling waves on overvoltages in the hydrokinetic energy system is analyzed in Section III. A mathematical method for calculating the worst case overvoltage as a function of pulse rising time and traveling time is developed and illustrated. Third, in Section IV, the mathematical method is shown to offer design support through the derivation of parameters of a filter to obtain a desired predefined level of overvoltage reduction. In Section V, numerical simulation of electromagnetic transients is performed to validate the design. Finally, conclusions are drawn in Section VI. Fig. 1 illustrates a single turbine placed in a tidal or river stream for hydrokinetic energy harvesting. With the ratings of a single turbine available from kilowatts to the megawatt range, such a configuration can be designed for the purposes of distributed generation [5] - [8] and beyond.
II. PROPOSED CONFIGURATION
An onshore location of power-electronic converters would facilitate access for the purpose of maintenance and repair. This is behind the idea of the configuration depicted in Fig. 2 . Turbine and permanent-magnet synchronous generator, which are located underwater, are connected to an onshore converter station through an ac submarine cable. This differs from designs that use a dc submarine cable instead. In principle, dc is well suited for submarine transmission but would require here to have the ac-dc converter located underwater. The advantages of dc grow with the distance to be bridged and come pronounced from several kilometers upward in the submarine application. For the distances considered here, this would be an upper limit, with a lower limit being several tens of meters for instream river energy harvesting. Therefore, the back-to-back variable frequency ac to dc and dc to grid frequency ac converters are placed onshore in a converter station. These back-to-back converters are realized through voltage-sourced converters.
The stages of the configuration of Fig. 2 ensuring that the connection of the dc link to the ac grid, consisting of the gridside converter, filter, and transformer are in their function also known from other renewable energy resource connections [5] , [9] - [13] . From the dc link toward the generator, however, an important question remains: What is the impact of the pulse widthmodulated (PWM) waveforms on the electromagnetic traveling waves on the ac cable? What is the size of potential overvoltages caused by the electromagnetic waves? These questions and associated remedies are addressed in the following sections.
III. METHOD FOR ANALYSIS OF CABLE OVERVOLTAGE
The rising front of a pulse as input to the ac cable may be modeled by a ramp with rise time , voltage magnitude , and the step function for for .
Voltage magnitude is given by the dc bus voltage. The fast rising pulses can trigger traveling-wave fronts along the ac cable that then behaves as a distributed-parameter transmission line [14] , [15] . The traveling speed of the wave fronts is a function of cable inductance and capacitance per unit length
The traveling time that it takes for the wave front to reach the receiving end depends on the cable length and the traveling speed :
For the analysis of these traveling waves, the cable characteristic impedance is an important quantity [15] . With losses neglected, it is obtained as (4) When the wave front reaches the offshore receiving end with the generator terminals, the ratio of the reflected to the incident wave is given by the reflection coefficient (5) which also depends on the surge impedance of the generator . Similarly, for the sending end (6) Prior research identified the rise times of the pulses, the traveling time, and the reflection factors as key quantities when it comes to overvoltages on variable speed drives connected through long cables [4] , [16] , [17] . In the following section, the effects are illustrated graphically. In Section III-B, a method for calculating the overvoltage as a function of the key quantities mentioned before is newly developed.
A. Graphical Analysis
For the purpose of illustration, Fig. 3 shows the voltage profile along a lossless line for the case where the pulse rise time equals half the traveling time , that is, . The seven voltage profiles shown are for different time points. Coordinate gives the location where the incident forward traveling wave originates at the ac cable side voltage-sourced converter onshore; the generator is located at . The front starts to rise at s. The first plot gives a snapshot at , just when the rise of the front has been completed and reached its maximum at in accordance with (1) . The beginning of the front has then already reached the midpoint of the line at . At , as shown in the second plot, the beginning of the front has reached . The three highlighted traveling-wave elements are traveling in the forward direction toward . Upon reaching , the forward traveling-wave elements are being reflected at the receiving end leading to backward traveling-wave elements in the direction of . At , the wave elements are related through the reflection coefficient (7) Fig. 3 was obtained for , leading to the doubling of the receiving-end voltage since (8) According to (5) , a large value of close to 1 implies that . In variable speed drive applications, values of up to 0.95 were observed [17] , which can lead to a near-doubling of the voltage at the receiving end in practice. Therefore, the assumption of in Fig. 3 is a worst case scenario of practical interest.
The fourth snapshot for shows that the part of the line now has the voltage . At the same time, the beginning of the ramp has reached again. The sending end side of the voltage-sourced converter has low-impedance behavior. Therefore, the reflection coefficient (6) in the plot is assumed as , meaning that the backward traveling waves will be fully reflected at the negative sign and then travel forward again.
B. Quantitative Analysis
In the graphical analysis of Fig. 3 , the case of is considered. For that case, the receiving-end voltage is doubled with respect to . For , however, the ramp would still rise while the beginning of the ramp already traveled forth and back the line, arriving again at the sending end at , where a reflection takes place again. To calculate the overvoltage in this case, a thorough quantitative analysis is helpful and performed as follows.
In a first step, the location at the voltage-sourced converter at , where the pulse ramp (1) originates, while is still rising is considered. Furthermore, in order to develop a formula, it is helpful to focus on the forward traveling-wave elements in this first step. In general, the composite forward traveling-wave element at is obtained as the sum of all forward traveling-wave elements at that location (9) In this equation, is chosen depending on the size of the rise time with respect to the traveling time . If, for example, , then is obtained by summing up the original ramp and its delayed component having been reflected at the receiving end and then sending end (10) In the next step, the location at the generator terminals at is considered. The forward traveling-wave elements of (9) will take time to travel from to (11) Inserting (11) and (7) into (8) Now, (12) has a form to allow for insertion of (9) and to obtain the following formula for the voltage at the end of the line as a function of time: (13) Equation (13) (1) gives (14) Of particular interest are the intervals and , the results of which are analyzed in Table I . The right-most column gives the maximum voltage obtained here at time point . At that time point, the ramp has completed its rise and reached its maximum at the sending end at and already traveled to the receiving end during .
The analysis of the first row of Table I shows that the maximum voltage is for all rise times ranging between 0 and . Once goes beyond , the voltage maximum decreases as shown in the second row (15) This result differs from [4] , which states that a peak voltage of could be achieved up to . Fig. 4 illustrates the result of the worst case scenario when for . As presented in Table I , in this case, the voltage at the end of the line doubles.
Using and the cable parameters in Table IV of  the Appendix, Table II shows how the pulse rise time relates to the minimum cable length after which voltage doubling is theoretically possible if damping is neglected.
2) Design Support: Equation (15) enables calculating the peak line voltage as a function of . If it were possible to set appropriately, a desired maximum overvoltage would be obtained. For design purposes, it would be convenient to express (17) Equation (17) can be rearranged to obtain (18) For example, for an overvoltage of 10% and, thus, :
In Fig. 5 , the result for this scenario is shown. The maximum voltage reached is confirming the 10% overvoltage at the Step response for with and . end of the line. The comparison with Fig. 4 shows the reduction obtained.
Of course, such a formula can also be developed for other values of the reflection factor obtained depending on cable characteristics and measurements of generator surge impedances [18] . For a receiving-end reflection factor below 1, the derivation developed in the Appendix gives the rise time (19) 
IV. OVERVOLTAGE REDUCTION FILTER DESIGN METHOD
Equations (18) and (19) directly relate the rise time of the voltage ramp at the beginning of the cable to the overvoltage observed at the end of the cable where the generator is located. As shown in this section, the obtained knowledge on the rise time can aid in calculating the parameters of the ac cable-side filter, which is part of the converter station as shown in Fig. 2 . A possible second-order low-pass realization of the filter is depicted in Fig. 6 . Such a filter has also been found useful in reducing overvoltages in adjustable-speed drive applications [4] , [19] . Variations with clamp diodes have been presented [20] , [21] , but are not considered here. The input voltage of the filter is set by the voltage-sourced converter. For IGBTs, the rise time is in the lower tenths of microseconds and of the order of a few microseconds for gate turn-off thyristors (GTOs). Given the sharp ramps, the PWM waveforms are in the following modeled as sharply rising and falling voltage steps. The ac cable input is given by the output of the filter. The output of the filter will not yield a ramp with constant slope as given through (1) . But it can approximate the latter as illustrated in Fig. 7 by adjusting the initial slope and damping ratio .
A. Transfer Function
The transfer function of the filter relates its output and input voltages in the Laplace domain (20) leading to (21) Alternatively, this may be expressed as (22) with damping ratio and natural frequency (23) (24)
B. Parameter Selection
In order to set , and , the derivation of three filter design equations is considered in the following text.
1) High-Frequency Absorption: According to traveling-wave theory, no reflection of waves takes place for a termination of a line or cable with an impedance that is equal to the so-called characteristic impedance of the line or cable. Since the filter capacitance appears as a short circuit at high frequencies, selecting equal to the characteristic impedance of the line inhibits reflection of the wave from the -branch [4] . Therefore (25) 2) Slope Equivalencing: As shown in Fig. 7 , a key principle of the design lies in using the step response of the filter to approximate the ramp function with the rise time specified by (18) . As part of the approximation, the initial slope of the response of the filter to a step of a PWM pulse with magnitude coming from the voltage-sourced converter is made to equal the slope of (1). Referring to the filter's output in this case as gives the following condition: (26) Knowing that the Laplace transform of the unit step is and applying the initial value theorem allow to calculate the lefthand side of (26) (27) Since from (21) it follows that , the insertion of the result of (27) into (26) yields (28) Inserting specified by (19) and rearranging for gives the second filter design equation (29) 3) Damping: Rearranging (23) gives the third filter design equation (30) The desirable filter characteristic of overdamping is obtained for .
C. Summary
Based on the aforementioned assumptions and derivations, the filter design can be completed. It is notable that the filter design equations of this method can be expressed in terms of the desired overvoltage and line parameters (31) (32) A limited degree of freedom for fine tuning is given by the damping ratio. For overvoltages between 10% to 20%, a typical range of values for lies between 1.5 and 1. Each individual design needs to be rechecked, however, for example through transients simulation. This can, for example, help in fine tuning the value of the damping ratio . 
V. VALIDATION
The validation is to serve two purposes. First, the overvoltage-reduction-target method for filter design is verified for a step function incident at the cable terminal. Then, a voltage-sourced converter is connected in simulation to verify the voltages at the beginning and end of the cable in the presence of PWM waveforms. The tests were performed with the Matlab/Simulink SimPowerSystems toolbox. The cable models used are represented through distributed parameters.
A. Verification of Method for Step Function Input
The parameters given in Table IV of the Appendix were obtained for a low-voltage cable from [22] . Using equation , the traveling time can be calculated as s. Fig. 8 shows the test setup as implemented in Matlab/Simulink. At the beginning of the cable on the right, a voltage step generator with no inner resistance is applied at the sending end. At the beginning, the reflection coefficient is . At the receiving end, the cable is terminated such that the reflection coefficient is . In this first validation case, it is desired that the overvoltage at the end of the cable should not exceed 10%. Using (25), (31), and (32) gives the filter parameters in Table IV . This corresponds to a damping ratio of . The simulation results of the phase voltages are shown in Fig. 9 . For the selected design, the overvoltage of 10% at the receiving end is indeed obtained. Fig. 10 shows the generator side of a tidal energy conversion system of Fig. 2 . The converter switching frequency is 2 kHz and the cable is the same as in Table IV . Since the reflection coefficients are also the same as for the considerations in Section V-A, the same filter design applies if no change of overvoltage is desired.
B. Application for PWM Waveforms
In Fig. 11 , the voltages at the sending and receiving ends of the cable are shown. A PWM pulse waveform is incident at the sending end. At the receiving end, the overvoltage is 10% as expected.
VI. CONCLUSION An onshore converter station was proposed, described, analyzed, and validated. This resulted in three main contributions. First, the structure of the converter station, which is fed from the underwater generator through a cable, was described. The converter station integrates the functions of power-electronic conversion from variable ac to dc and then from dc to ac of the power grid. Being located onshore, the components of the station remain within convenient reach. The station model was implemented for Matlab/Simulink digital simulation of electromagnetic transients. Second, the electromagnetic traveling waves that can be caused by power-electronic switching on the cable linking the onshore converter station and the underwater generator were investigated. A mathematical equation expressing the overvoltage due to the wave reflection on the generator side as a function of the pulse rising and traveling times was developed. Third, the practical value of the equation in calculating a desired overvoltage reduction was shown. This served as the basis for readily deriving filter parameters for [22] implementing the overvoltage reduction. The simulation of the electromagnetic transients substantiated the effectiveness. In sum, these contributions will provide valuable input to the field of hydrokinetic energy conversion in general, and, in particular, by offering a general methodology of overvoltage analysis and reduction. This is of interest whenever separate locations of the generator and the ac cable-connected voltage-sourced converter are desirable and goes beyond the field of hydrokinetic energy. APPENDIX For and , (13) becomes when inserting (1)
The maximum voltage is obtained at
Expressing this in per unit similarly as done in (16) and (17) (35)
Rearranging for , gives (19) . Cable parameters used for examples in this paper are given in Table IV. 
